The article investigated the effects of ultrasound pretreatment on biological treatment of landfill leachate. Leachates with and without conditioning were combined with municipal wastewater at different ratios. The study showed that the implementation of a pretreatment step prior to biological treatment not only results in higher pollutant removal efficiency but may also allow for an increased leachate volume share in the influent stream entering the reactor by up to 20% (quality of effluents meets national regulation requirements) which in scenarios without pretreatment cannot exceed 5% due to poor quality of the effluents.
Introduction
One of the most serious environmental problems associated with disposal of municipal solid waste is the generation of landfill leachate. Its composition and amount depends on many factors some of them being: (a) the type and amount of waste deposited and the degree of their grinding; (b) climate conditions, including the volume and frequency of precipitation, air humidity, as well as evaporation rate; (c) age of the landfill; (d) storing technology, and therefore the degree of waste compaction as well as the method of sealing the landfill; (e) humidity of waste; (f) volume of precipitation infiltrating through the bed; (g) geomorphology and topography of the area where the landfill is located; (h) the lifetime of the landfill; (i) reclamation and the type of vegetation covering the top of the landfill after its shutdown; (j) the runoff direction of rainwater and snowmelt [1] [2] [3] .
High concentrations of toxic pollutants (such as heavy metals, ammonia) and refractory compounds as well as seasonal variation in the composition and amount of leachate result in difficulties with its treatment [4] . Despite that, there are several known methods of leachate treatment, which incorporate various physical, chemical, and biological processes [5] . Based on the nature of the incorporated processes methods of leachate treatment can be grouped as conventional and advanced treatments, as done by Renou et al. [4] . The main conventional landfill leachate treatments include: (a) biodegradation (via aerobic and/or anaerobic processes); (b) chemical and physical methods such as: adsorption, coagulation, sedimentation/flotation, chemical oxidation, coagulation/flocculation, chemical precipitation as well as air stripping; (c) co-treatment of leachate with other wastewaters such as municipal in wastewater treatment plants. Whereas membrane technologies as well as technologies based on advanced oxidation processes (AOPs) are regarded as potential alternatives for leachate treatment (advanced treatments).
Selection of the appropriate leachate treatment method is based on its composition and properties (mainly physicochemical characteristics as well as its age) [4] [5] [6] . Young leachate due to high BOD5/COD ratio can be effectively treated using biological methods [7] . While for mature or stabilized landfill leachates, where BOD5/COD ratios are below 0.1, they are deemed ineffective [8] . Therefore, this type of leachate requires either the use of alternative treatment processes or increasing its susceptibility to biodegradation via application of pretreatment methods making biological treatment a viable option [6] .
Due to low operating cost and easy maintenance co-treatment of landfill leachate with readily biodegradable wastewater (for example municipal wastewater) seems a promising approach. So far, this solution has been successfully used for the treatment of young and intermediate leachates (mostly at a volumetric ratio of up to 10%) [4, 9] . However, this poses a risk of disrupting the operation of biological reactors and is the main argument against the application of this solution. Due to high content of non-biodegradable organics and inorganics as well as toxic compounds, the introduction of leachate to a biological reactor may result in the inhibition of the activated sludge treatment process and consequently lead to reduced treatment efficiency and increased pollutant concentration in the effluent [4, 7] . For this reason, pre-treatment of leachate prior to its joint biological treatment with municipal wastewater seems justified. However, publications on this subject are very limited. Furthermore, very few systematic studies are available for mature leachate [6, [10] [11] [12] . For instance, Wang et al. [10] demonstrated that using a combination of coagulation, Fenton oxidation and biological aerated filter process COD may be reduced to 75 mg/L. While Guo et al. [12] evaluated the feasibility of a mature leachate treatment consisting of a combination of physicochemical (air stripping, Fenton, coagulation) and biological processes (sequencing batch reactor (SBR)). The authors found that the solution was an attractive alternative when dealing with high-strength wastewater, allowing for an over 95% removal of COD, BOD5 and ammonium nitrogen. However, there is no information regarding how pre-treatment of mature leachate with an ultrasound field affects its biological treatment. Therefore, the aim of this investigation was to determine the effects of low energy ultrasound irradiation on sequencing batch reactor (SBR) treatment of landfill leachate. The effect of the volume ratio of leachate (with and without pre-treatment) on the removal efficiency of COD, BOD5 and ammonium nitrogen was also evaluated in this paper. Additionally, special attention was paid to the influence of pre-treatment methods on the condition of activated sludge by assessing the impact of the volume ratio of leachate (with and without pre-treatment) on dehydrogenase activity (DHA) as well as respiratory activity of the activated sludge.
Materials and Methods

Materials
Leachate for all experiments was obtained from a sanitary landfill site in southern Poland (Silesian Region). Raw domestic watewater as well as activated sludge (for biochemical tests) were collected from a municipal wastewater treatment plant (WWTP), with a treatment capacity of 314 835 population equivalent with an average wastewater flow rate of 90,000 m 3 /d.
Composition of leachate is shown in Table A1 (Appendix A, Table A1 ). Taking into account the high pH values (>8.1) as well as high concentration of ammonium ions and low BOD5/COD ratio (0.11), the leachate can be classified as stabilized or mature.
Experimental Procedure
The experiment was divided into two stages. During the first stage, the optimum time for the solubilization of organic matter in the leachate samples was investigated using the UD VCX 1500 disintegrator with a field frequency of 20 kHz and an amplitude of 12 µm. The amplitude of the ultrasonic field was selected based on the results from the Authors previous research [13] . Additionally, in order to determine the toxicity of landfill leachates on the activated sludge microorganisms, dehydrogenase activity (DHA) as well as respiratory activity of the activated sludge was measured. For the purposes mentioned above, the sample (activated sludge collected from the WWTP) was prepared by executing the following steps: (1) washing/flushing with tap water; (2) removal of thicker slurry, (3) 24 h aeration. After which the sample underwent biochemical tests. The trials were performed for activated sludge without leachate (reference sample-the leachate addition impact on the investigated indicators has been evaluated in relation to the results obtained for this sample-percentage increment) as well as mixtures of activated sludge with leachate (with and without pretreatment). The percentage increment of dehydrogenase activity (DHA) as well as respiratory activity of the activated sludge was calculated using the following equations:
Percentage increment of the parameter = ((value for mixture-value for reference sample)/value for reference sample) × 100% (1) The optimal conditioning time was selected based on the values of COD, BOD5/COD ratio as well as results of biochemical activity tests performed for the activated sludge. In the 2nd stage, two identical laboratory-scale SBRs with a working volume of 3 L were used for the examination of leachate ultrasound pretreatment on biological treatment efficiency. The SBR systems were operated at feeding condition of leachate dilution of up to 45% by volume with raw domestic wastewater and sludge concentration of 4 g/L. Samples were withdrawn from the reactor at the beginning and at the end of each cycle for analysis. The scheme of the experiment is shown in Figure 1 . 
Biological treatment
Disintegration
Sample Analyses
In the study, the following parameters were investigated: pH value, Kjeldahl nitrogen (TKN), ammonium nitrogen (N-NH4 + ), chloride, total suspended solids (TSS), nitrate (NO3 − ), nitrite (NO2 − ), alkalinity, phosphates (PO4 3-P), phosphate total, chemical oxygen demand (COD), biochemical oxygen demand (BOD5). Additionally, in the case of COD (CODtot.) its composition in leachate samples was size-fractioned into the following fractions: suspended fractions (CODsups.) (>4.4 µm); dissolved fractions (CODdis.) (<0.45 µm) and colloid fractions (CODcol.) based on the molecular weight distribution during filtration through a membrane filter. With the exception of the last fraction which was calculated using the following equation:
All of the mentioned analyses were performed according to the APHA Standard Methods for the Examination of Water and Wastewater [14] .
The respiratory activity of the activated sludge was determined based on the specific oxygen uptake rate (SOUR). This measurement was performed according to the US. Environmental Protection Agency method (EPA 1863) [15] . The TTC test was used to determine the enzymatic activity (DHA) of the activated sludge. The measurement of DHA was performed in accordance with [16] .
The statistical analyses of the obtained results were carried out using STATISTICA software (STATISTICA 12 PL StatSoft, Inc., Cracow, Poland). One-way analyses of variance (ANOVA) was used to determine the main effect of ultrasound sonication time on selected parameters. While, in the case of biochemical test, factorial ANOVA was performed. Assumption for variances in the form of its homogeneity was checked using Levene's test. In the case of data which failed the ANOVA assumptions it was analyzed via the Kruskal-Wallis test. For statistically significant data, Tuckey's test was performed. The statistical estimation was done with at least three replications for each combination of the nominal variables.
Results and Discussion
First Stage
Generally, as depicted in Table A2 , the BOD5/COD ratio increased with the gradual increase of sonication time. However, for the first of the tested sonication times this ratio was insignificantly higher than for the non-conditioned sample and ranged from 0.14 to 0.18. Extending the sonication time to 3 min caused an increment of this parameter of approximately 273% (from 0.11 to 0.3). However, further extension of the ultrasound sonication time did not have a statistically significant effect on the value of BOD5/COD. As shown in the extended review written by Renou et al. [4] , the positive impact of advanced oxidation processes (AOPs) on BOD5/COD ratio has been reported in many studies. For example, Chou et al. [17] reported that BOD5/COD ratio increased with elongation of microwave oxidation time from 0.05 for the control sample to 0.12 for the longest time which was investigated by these Authors. Moreover Lopez et al. [18] observed an increase of this ratio from 0.2 (the initial value) up to 0.5, after pretreating the leachate using the Fenton process. Cortez at al. [19] noted the increase of this ratio from 0.01 to 0.17 after the O3/H2O2 process. Hu et al. [20] also observed an increase of the 5-day biochemical oxygen demand (BOD5) to COD ratio from 0.17 to 0.60, when Fenton reagent, UV-Fenton or UV-H2O2, were used to treat mature landfill leachate.
The obtained results (Table A2 ) also showed that pretreatment had the slightest impact on the CODsusp. and CODcol. concentrations. Both indicators decreased with the increase of sonication time. The lowest average for both fractions of COD (35,223 mg/L) were obtained for sonication time of 3 min. An opposite trend was observed for pH, which decreased along with the elongation of the sonication time. In comparison to the results obtained for the control sample, the longest sonication time resulted in a pH value decrease of 22% (from 8.3 to 6.5).
Results of biochemical tests are shown in Figures 2 and 3 . The values of both parameters strongly depended on the share of leachates in the mixtures regardless of the method of preparing the leachate (with or without pretreatment). For both parameters, the highest values were observed for samples containing 15% of leachate. For activated sludge with non-conditioned leachate the SOUR was approximately 22 mgO2/g·h and thus was 250% higher than the values noted for the reference sample (an average for 30 samples: 6.28 ± 0.43 mgO2/g·h). After increasing the share of leachate in the mixture, the percentage increment of SOUR in comparison to the reference sample decreased to 120%, while for the highest volumetric ratio of leachate to wastewater, it did not exceed 8%. A similar trend was observed for activated sludge with pretreated leachate. However, the obtained values were significantly higher than those achieved for activated sludge with non-conditioned leachate. Significant differences in SOUR occurred in the mixtures containing 20% and 25% of leachate which was sonicated for 5, 10 and 15 min. In the case of these samples, the percentage increment of SOUR values was about 200% and approximately 50%, respectively.
Similar trends like in the case of SOUR were observed for the DHA activity. With prolongation of sonication time, the difference in DHA values between samples increased (with and without pretreatment). The highest percentage increment of dehydrogenase activity (approx. 110% in comparison to the reference sample) was observed for the samples containing 10% and 15% of leachate in the mixture at an ultrasound field exposure duration of above 5 min. These values were significantly higher than those obtained for the reference sample as well as activated sludge with non-conditioned leachate. It should be emphasized that for the trials for leachate without conditioning, the DHA activity was lower than in the reference sample. This proves the positive effect of conditioning on the condition of activated sludge.
Factorial ANOVA (F-values for selected parameters), confirmed the above observations namely that the volumetric ratio of leachate in the mixture had the greatest impact on values of both biochemical indicators (F = 210 and F = 151 for oxygen consumption rate and DHA activity respectively, for all p < 0.05), while the method of leachate preparation affects them to a much lesser extent (F = 51 and F = 128 for rate of oxygen consumption and DHA activity, respectively for all p < 0.05). In the case of activated sludge with pretreated leachate, the sonication time had no effect on SOUR (F = 0.8, p = 0.55). It did impact DHA activity (F = 2.76, p = 0.02) however, as shown by the post-hoc test any sonication executed beyond 3 min. does not have a statistically significant effect on DHA activity.
Based on the obtained results sonication time equal to 3 min was selected for further studies. Figure 3 . The DHA activity profile at different the volumetric ratio of leachate in mixture.
Second Stage-Biological Treatment
As depicted in Figure 4 in both SBRs the removal efficiency of COD, BOD as well as ammonium nitrogen decreased with the increase of leachate in the influent. However, regardless of the ratio of leachate in the effluent (%, v/v), the treatment efficiency was higher for SBR2 (pretreated leachate) than SBR1 (control). Thus, the execution of a pretreatment step prior to biological treatment allows to reduce the negative impact of the leachate on the removal degree for the tested parameters. This result is in agreement with the findings of El-Gohary and Kamel [7] . The mentioned Authors observed low COD and BOD removal values, 37.1 and 30.3%, respectively for intermediate leachate (BOD/COD ratio was in the range of 0.33-0.45) mixed with municipal wastewater in a ratio of 1:1. However, after pretreating the leachate via air stripping, they observed significantly increased COD and BOD removal values of up to 64.4 and 67.2%, respectively.
Up to date, as shown in some studies [4, 9, 21] , co-treatment of leachate with domestic wastewater without adverse impact on the removal efficiency of pollutants is possible if the share of the leachate in the effluent does not exceed 10% (Table A3) . However, as the results obtained in this study show, the implementation of a pretreatment step before biological treatment may lead to an increase in the volume of leachate in the effluent stream entering the sewage treatment plant by up to 20%. For such leachate volumetric ratio, the removal efficiencies are within the acceptable ranges defined by Polish legislation [22] , (Table A4) . Without conditioning, the share of leachate in the mixture cannot be higher than 5%. If this condition was not met, the quality of effluents was below country regulation values. 
Conclusions
The study revealed that sonication of landfill leachates increased leachate biodegradability and reduced its toxicity to microorganisms of the activated sludge. Thus, the preliminary leachate conditioning not only positively affected the condition of sewage sludge but also enhanced its treatment efficiency. The volumetric ratio of leachate in the mixture had the highest impact on the obtained results. The use of an ultrasound field allows for executing the treatment process with leachate addition higher than 10% which is the threshold limit currently stated in literature.
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